A mathematical model has been created and utilized to predict the collection performance of the electrostatic water spraying scrubber concerning the diesel particulate matter (DPM). The model is based on a mass and momentum balance. It takes into account the gas dynamic, charge to mass ratio, water droplet size, DPM size and the electric fields. The effects of the operating parameters, such as gas flow rate, water flow rate and applied voltage, on DPM collection efficiency within the scrubber, were also investigated. In an electrostatic water spraying scrubber, the electrostatic force is the main mechanism for DPM collection. This is because of the strong attraction force, and the short collection time. The DPM collection by electrostatic increases with an increasing charge to both DPM and droplet. In the experimental section, the concentration of particles, and their size distribution, in both inlet and outlet exhaust gases, and of the studied scrubber, have been measured directly for the validation of the predicted DPM collection efficiency. Numerical results were in good agreement with the experimental data obtained in the laboratory.
Introduction
Diesel engines commonly known as compression-ignition engines are being increasingly used worldwide due to their higher thermal efficiency, longer durability, increased reliability, and lower fuel cost. But they are major sources of air pollution that include diesel particulate matter (DPM). An increasing concern over elevated detrimental human health effects due to the potential association of DPM with carcinogenicity has resulted in more stringent legislated diesel exhaust gas emission standards being imposed (1) . To collect DPM emission, electrostatic water spraying scrubber is used with combining advantages of dry electrostatic precipitators and conventional inertial scrubbers. In this scrubber, DPM and scrubbing droplets are electrically charged to the opposite polarities. The charged droplets capture the oppositely charged DPM due to Coulomb attraction forces. An electrostatic water spraying scrubber considered in this paper. It has been evaluated for effectiveness as an alternative control of DPM emission. The deposition efficiency of DPM on the water droplets, and then overall collection efficiency of a device can be greatly enhanced, as compared to conventional inertial scrubber. Numerical solutions are derived employing electric, interception, inertial impaction and Brownian deposition as removal mechanisms is used for computing and predicting DPM collection efficiency. The present study is an attempt to make verification on the performance study of a spray column, for removal of fine DPM from exhaust gas of diesel engine. Experimental findings are verified with a theoretical model predicted for the same sets of boundary conditions. Specific objectives were to:
1. Predict the DPM collection efficiency according to different operating parameters of the scrubber. 2. Compare experimented and predicted DPM collection efficiencies and systematically analyzed..
Theoretical model

Basic assumptions
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The following major assumptions are made in developing the proposed model to study the prediction for performance of an electrostatic water spraying scrubber:
1. The system is in a steady state operating condition. 2. Water droplets are uniform in size. 3.The spray droplet diameter and concentration are assumed to be stable and constant in the scrubber, and there is no interaction between spray droplets. 4. Spray droplets fully cover the spray chamber as soon as injected. 5. The fluctuation of electric force effect is neglected.
Overall collection efficiency
Figure 1 Schematic of the control volume of mass balance
The overall DPM collection efficiency is calculated from the following equation:
The continuity equation was used to get the overall efficiency of the scrubber. Applying the continuity equation to a cylindrical element of height dh taken inside the spray column as shown in Figure 1 , we get applying mass balance (1) : Mass in -Mass out = Mass collected
2) The total number of droplets entering the cross section per unit of time The mass of DPM collected by each droplet per unit time
The time the droplet passes down the section
The mass of DPM collected by one droplet during this contact time is then Water droplet + collected DPM
Separate the variables and integrate
Application of the equation usually involves the following assumptions:
-v d >> v p -At Calvert's suggestion, (Q ｗ /Q ｇ ) is multiplied by 0.2 to correct for wall effects and other loss of effectiveness by the falling droplets. The mass balance may then be written: The proposed mechanisms as shown in Figure 2 include all the four mechanisms of interception; inertial impaction; Brownian deposition; electrostatic attraction.
Interception mechanism: Direct interception occurs when the fluid streamline carrying the DPM passes within one-half of a DPM diameter of the droplet. The single droplet collection efficiency due to this type of mechanism can be calculated by the following expressions for potential flow around droplet (3) :
Impaction mechanism: The predominant collection mechanism for scrubbers having gas stream velocities greater than 0.3 m/s or for DPM whose diameters are larger than 5.0 m. The single droplet collection efficiency due to this type of mechanism can be calculated by the following expressions where S tk is the Stokes number and is calculated using:
Brownian diffusion mechanism: Brownian deposition occurs as the DPM are bombarded with gas molecules that may cause enough movement to permit the DPM to come in contact with the droplet. The single droplet collection efficiency due to this type of mechanism can be calculated by the expression (3) :
Electrostatic mechanism: Electrostatic attraction occurs because the DPM, the water droplet, or both possess sufficient electrical charge to overcome the inertial forces; the DPM is then collected instead of passing the droplet (3) . Neutral DPM and charged droplet 4 0 8 15
Here the value of C c is obtained by the following equation Charged DPM and charged droplet in opposite polarity
DPM charging can be calculated as Cochet equation (3) :
In this paper local electric field strength of charge E was calculated as following equation:
Water droplet charging can be calculated as equation: The overall collection efficiency by a single droplet ( SD ) is sum of the above collection efficiencies (3) :
Figure 3 Computational algorithm
Experimental works
Experimental setup
A diesel engine specification given in Table 1 was used as DPM and other pollutant emission source. Marine diesel fuel oil in Table 2 was used throughout these experiments. Figure 4 shows the schematic diagram of the experimental setup. An electrostatic water spraying scrubber made of Teflon was designed to treat the diesel exhaust gas. The scrubber was equipped a DPM charger. The DPM charger was made of stainless steel saws (4 pcs) as positive electrodes that connect to high DC voltage supplier (SPELLMAN high voltage DC supply) adjusted to various voltages range from 1.0 kV to 7.5 kV to charge DPM positive. These saws were mounted between 5 steel plates which connected to earth. In the scrubber, the water was pumped from water tank by a centrifugal pump and discharged through two nozzles (orifice diameter 0.5 mm) with flow rate 0.5-0.8 l/min. They created droplets with 186-210 µm in diameter. An electrode (induction electrode) of inner diameter 15 mm was placed around upper edge of spraying head of each nozzle. The induction electrode was connected electrically to a high DC high voltage supplier adjusted to various voltages range from 1kV to 5kV to charged water droplets. A negative charged water droplet cloud is formed to collect charged DPM and fall down to the tank, then relatively clean water from the top of the tank is re-circulated by pump to the charging electrode, where it is recharged, completing the cycle. Nominal speed (rpm) 2200 
Droplet measurement
A system used to measure charge to mass and droplet size is shown in Figure 5 . The fresh water was pumped from a tank by a pump and discharged through two nozzles with orifice diameter of 0.5mm. A stainless electrode was placed at a distance as shown in the figure. The water flow rate was changed ranging from 0.5-0.8 l/m and various applied voltages range from 1 to 5 kV by a high DC voltage supplier. In the induction charging spraying process, two currents were measured: the nozzle current from the water tube (I 1 ), the leakage current through the induction electrode to the power source (I 2 ) by ampere meter. Considering the charge and mass loss in the spraying process due to leakage current, the spray current (I) was calculated as follow: I = I 1 -I 2 (26) By dividing the spray current to the mass flow rate, the effective charge to-mass ratio is determined 
Translated from Journal of the JIME Vol.44,No.5 ○ C 2009(Original Japanese) Figure 6 presents the Sauter Mean Diameter distribution of water droplet at applied voltage of 5 kV for fresh water. The charged and uncharged droplets diameters were measured by using the Phase Doppler Particle Analyzer Aerometric. The droplet sizes were measured extend axially to 70 mm and radically to 20 mm from the nozzle tip. The droplet size measurements presented in this figure exhibit a decrease in the droplet size with increased radial position for all axial locations, and an increase in size with axial position. At this voltage, there is good atomization of the water, charged droplets have a more uniform particle size distribution, and they also have a more widely dispersed distribution due to electrostatic repulsion.
DPM measurement
To analyze DPM mass concentration at the inlet and out let of the scrubber, a PM sample collector was used (see Figure 4) to collect DPM on the micro fiber filter at flow rate 10 l/min, collected DPM was set to 25 liter volume of exhaust gas. In addition, an Impactor (AS-500) shown in Figure 7 was used to quantify DPM mass size distributions in the raw and treated diesel exhaust gas. The gas flow rate pass the Impactor was about 25 l/min. Four samples were measured by the Impactor at each load condition of the engine (2.25, 5.04, 7.56, 9.45kW) with the scrubber in the off mode. Figure 8 shows the initial DPM mass concentration at various engine loads. The DPM mass size distributions had modes in the range of 0.35-10 µm for 2.25-9.45 kW and shifted toward lower sizes 0.35-0.9 µm at all loads. In addition, it can be seen that the mode values increased approximately 1 to 2 fold with increasing engine load. For DPM smaller than 0.9 µm, the mass concentrations show a trend which the DPM mass concentrations rise with increasing engine loads.
Result and discussion
4.1Effect of gas flow rate on the overall DPM collection efficiency Figure 9 represents results on the effect of gas flow rate on overall DPM collection efficiency at constant water flow rate 0.8 l/min. The scrubber was operated at a constant applied voltage of 7.5 kV to charge DPM corresponding to applied voltage of 5 kV to charge water spray. At gas flow rate of 1200 l/h, the DPM size increases the overall collection efficiency also increases steadily and reaches the maximum, 100% for a DPM of 0.6 µm. As the DPM size increases above 0.6 µm the Stokes number in the impaction mechanism and the d p value in the interception mechanism increase. On the other hand, the large DPMs were charged by corona easier than fine DPM led to charged DPM concentration increase, therefore collection mechanism by electric increase. These contribute to maximize the overall collection efficiency. When the gas flow rate increases the collection efficiency drops for fine DPM in range 0.2-3.5 µm. For the gas flow rate of 2500 l/h, the maximum, 100% collection efficiency was achieved for 3.5 µm DPM size. As the results the gas flow rate increases, the collection efficiency decreases in spite of increase in DPM size. The effect of increasing gas flow rate that in turn led to lower gas residence time and a change in DPM mass concentration may attenuate the effect of corona current suppression and permit DPM impart less efficiency. Thus the overall DPM collection efficiency of the spray column decreases when the amount of gas and its velocity increases for a given water rate. 
Effect of water flow rate on overall DPM collection efficiency
Figure 10 presents the effect of DPM size on the overall DPM collection efficiency with different water flow rates (0.5-0.8 l/min) at constant gas flow rate (1200 l/h). At the water flow rate of 0.5 l/min the DPM size increases the overall collection efficiency increases. A theoretical efficiency was achieved upper 87 % for DPM size in range 0.2-1 µm. As the liquid flow rate increases from 0.5 to 0.8 l/min the overall DPM collection efficiency also increases markedly. At increasing water flow rate or higher collection area, the collection efficiency of the scrubber on DPM mass and number increased. The scrubber was capable of removing upper 96% at water flow rate of 0.8 l/min. The difference in the efficiency between 0.5 and 0.8 l/min flow rates of liquid was found to vary distinctly in DPM smaller than 1 µm; the trend also seemed to be great different from other flow rates with respect to the slope of the curve.
Effect of DPM charger applied voltage on the overall DPM collection efficiency
Figure11 shows the predicted overall DPM collection efficiency as a function of DPM diameters for various values of the applied voltages for charging DPM at engine load of 9.45 kW. The variable with the single most significant effect on charged DPM was applied voltage. At increasing voltage from 1 to 7.5 kV, the corona current increased, which led to an increasing ion density. The improvement with increasing voltage occurred, as expected, there is a strong effect of the applied voltages on collection efficiency. At voltage, 7.5 kV, where the greatest corona charges occur thus enhances the DPM charging and collection processes inside the scrubber. At lower voltage, there is not enough charge to give the intensity of the field and strength of forces required for optimal charging. The DPM reached the optimal charge concentration at the applied voltage of 7.5 kV. At this voltage, there was enough charge for good. The DPM collection efficiency as high as 97-100 % for DPM size in range 0.2-1 µm. Figure 12 indicates the predicted overall DPM collection efficiency that was computed to compare the various scrubbing performances: neutral droplet-neutral DPM (ND-NP); charged droplet-neutral DPM (CD-NP); charged DPM-neutral droplet (CP-ND); charged DPM-charged droplet (CP-CD). The spray system operated with water flow rate of 0.8 l/min, the DPM mass concentration was 0.03 g/m 3 at constant engine load of 9.45 kW. For neutral droplet-neutral DPM, the collection efficiency is low from 30%-99 % at all DPM size in range 0.1-10 µm, respectively. The main collection mechanisms are impaction and interception as conventional scrubber. Therefore, the fines DPM with diameter in range 0.2-1 µm are collected with low efficiency 30-45 %. Because of their very lightweight, fine DPMs are pushed out of the part of the water droplets and are forced to follow the streamlines. Charging of water droplet had improved lightly DPM removal process in exhaust gas. Because the attraction of droplets increased by an image charge of opposite sign is induced on the DPM, generating a force of attraction. For charged DPM-neutral water droplet the collection efficiency further increase. The charge on the DPM induces an image charge opposite in sign, on the droplet which results in a force of attraction between DPM and droplet. The image force generated between charged DPM-neutral water droplets is much stronger than one between charged droplet-neutral DPM.
AP7: Prediction for
The collection efficiency increase over 75 % of DPM less than 1µm in diameter. For both charge DPM and droplet, the main mechanism causing an increase in the efficiency of DPM collection by a charged droplet is Coulomb attraction. This mechanism was many times stronger than interception and impaction mechanism. It can be seen that the collection efficiency for 0.2 µm DPM improved from 30 % (uncharged) to 97 %, whereas for DPM upper 0.5 µm, the collection efficiency improved from 35 % to 100 %. This force leads to greatly DPM-droplet coalescence and to removal of the DPM from exhaust gas.
Comparison of computed data with the experimented data
Experiments were conducted in an electrostatic water spraying scrubber by varying different water performance such as neutral DPM-neutral droplet, charged DPM-charged droplet. Figure 13 shows the comparison of experimental results with computed results in case neutral DPM-neutral droplets at the engine load of 9.45 kW. The agreement between compute and experimental data is fairly good, whereas the difference is 5 % (on average) with DPM size smaller 3 µm. The fine DPMs are collected mainly by Brownian diffusion, they have light weight and easily to be pushed out of the droplet and follow the gas flow. It can be seen that the predicted collection efficiency of DPM size in range 3-10µm are good agreement with the experimental results. Figure 14 shows the comparison of experimental results with theoretical prediction in case charged DPM-charged droplet with same operation condition of engine. The DPM was charged at 7.5 kV. The water droplet was charged at 5 kV. The most dominating mechanism for DPM collection efficiency in an electrostatic water spraying scrubber is mainly dependent on DPM diameter. As can be seen the experimental results are in good accordance with the predicted collection efficiency will all size of DPM. An effect of scrubbing performance on DPM collection efficiency by charged water spray is shown in Figure 15 . The concentration of DPM for each spraying performance was determined at various loads of the diesel engine from 2.25 kW to 9.45 kW. Gas quantity is kept constant with flow rate 1200 l/h entering the scrubber at differential engine loads. The DPM mass concentration in an untreated diesel exhaust gas range from 0.013-0.027 g/m 3 for 2.25-9.45 kW engine loads. The DPM mass concentrations are higher at the higher engine load conditions. The results indicate that the cases: neutral droplet-neutral DPM; charged droplet-neutral DPM; charged DPM-neutral droplet were strongly influenced by engine loads. The DPM mass concentrations in case charged DPM-charged droplet were slightly different for each engine load due to the fact that electric attraction is a strong mechanism in DPM collection from exhaust gas.
Effect of engine loads on the overall DPM collection efficiency
Figure16 indicates overall DPM collection efficiency at different water scrubbing performance corresponding to various loads of the engine from 2.25-9.45 kW, respectively. When the scrubber used uncharged droplet to remove neutral DPM, it only collects coarse DPM by simple impaction mechanism as conventionally. The highest DPM collection efficiency only reaches to 23 %. It can be note that the same amount of spraying water, in cases using charged droplet-neutral DPM or neutral droplet-charged DPM result in more effective collection of DPM than using neutral droplet-neutral DPM. The efficiency of DPM collection up to 85 %. The better results were obtained when both DPM and water droplets were oppositely charged, generating Coulomb forces of attraction these forces form a strong mechanism to drive charged DPM to charged droplet. DPM collection efficiency was gained in this case as high as 97 % corresponding to positive DPM and negative water droplets that was many times higher than neutral droplets and neutral DPM case from 20-70 % depending on the engine load. The collection efficiency changed lightly when the engine load increased from 2.23-9.45 kW. The strong electric attraction between charged droplet-charged DPM greatly improved collection efficiency Based on these results, it can be concluded that electrostatic water spraying scrubber is one of the most promising technologies in treating DPM in exhaust gas.
